Investigations on high strain rate behavior of composites under compressive loading are presented. Compressive split Hopkinson pressure bar (SHPB) apparatus was used for the studies. Compressive properties of typical plain weave E-glass/epoxy and plain weave carbon/epoxy were evaluated along all the principal directions in the strain rate range of 680-2890 s −1 . It is generally observed that the compressive strength is enhanced at high strain rate loading compared with that at quasi-static loading. During SHPB testing of the specimens, it was observed that the peak force obtained from the strain gage mounted on the transmitter bar is lower than the peak force obtained from the strain gage mounted on the incident bar. The explanation for this is provided based on stress wave attenuation studies.
Introduction
Polymer matrix composite materials and structures are finding increasing uses in high performance applications. High strain rate loading is one of the possibilities in many of such applications. It has always been a case for concern that the mechanical properties of composite materials may be different at high strain rate loading compared with those at quasi-static loading. This necessitated to carry out investigations on how mechanical properties of composites would change with strain rate. The widely used technique for the determination of behavior of composites under high strain rate loading is split Hopkinson pressure bar (SHPB) apparatus. The working of this apparatus is based on one-dimensional wave propagation theory in elastic bars.
The idea of testing materials at dynamic loads was first brought out by Hopkinson [1, 2] with stress wave experiments on iron wires, followed by the experiments by Hopkinson [3] . The famous pressure bar technique to experimentally determine the pressure produced by an explosive was presented by Hopkinson [4] . After four decades, the concept of split bars to determine dynamic compressive stress-strain behavior of different materials, one-dimensional pressure bar data analysis and experimental procedure was given by Kolsky [5] .
After Kolsky [5] introduced the split bar technique for dynamic testing of specimens, SHPB has become the widely used experimental technique to test the materials at high strain rates. Various studies were carried out on specimen design [6] , stress uniformity [7] and stress wave reverberation [8, 9] . It was observed that the loading pulse with larger rise time generates better stress uniformity than the loading pulse with lesser rise time [7, 8] . Rise time of the incident pulse can be increased by placing a pulse shaper such as a small strip of soft material at impact end of the incident bar. Pulse shaper technique was used in SHPB experiments to obtain accurate stress-strain data at high strain rates for metals [10, 11] , composites [12] [13] [14] and elastic-plastic materials [15] .
Various studies were carried out on high strain rate behavior of unidirectional and cross-ply glass composites [16] [17] [18] [19] and woven fabric glass composites [13, [19] [20] [21] [22] under compressive loading. Generally, it was observed that the compressive strength and modulus increase compared with those at quasi-static loading. It was also observed that there is a significant scatter in the case of failure strain. Various studies were also carried out on high strain rate behavior of unidirectional and cross-ply carbon composites [23] [24] [25] [26] [27] [28] and woven fabric carbon composites [29] [30] [31] [32] under compressive loading. In this case also, it was observed that the compressive strength and modulus increase compared with those at quasi-static loading. It was also observed that there is a significant scatter in the case of failure strain. Typical studies are well documented in the form of review articles [33] [34] [35] .
Based on the literature survey, an attempt is made to consolidate all the observations on the compressive behavior of composites under high strain rate loading. Accordingly, ranges of property change factors have been worked out for different cases and are presented in Table 1 . Even though, glass and carbon materials used, resin used and fiber volume fractions could be different for different studies, the consolidated information given in Table 1 gives an overview regarding the behavior of composites under high strain rate compressive loading. It can be noted that the property change factor is generally more than one for compressive strength and Young's modulus. But property change factor varies in a wide range for different studies.
Property change factor is defined as the ratio of property at high strain rate loading to the property at quasi-static loading. If the property at high strain rate loading is more than property at quasi-static loading, property change factor would be more than one. For such cases, property change factor is termed as property enhancement factor. There may be typical cases where the property change factor could be less than one. This indicates that, for such cases, the property at high strain rate would be less than that at quasi-static loading.
Even though there are typical studies on the compressive behavior of composites under high strain rate loading, the properties with respect to all the principal directions for a variety of materials are not available. Further, possible stress wave attenuation effect, especially for woven fabric composites, is not discussed in the previous studies.
The objective of the present study is to determine the behavior of typical plain weave E-glass/epoxy and plain weave carbon/epoxy composites under high strain rate compressive loading. Compressive strength, modulus and ultimate strain were evaluated and are presented along warp, fill and thickness directions. Quasi-static properties are also presented for comparison. Force versus time plots based on strain gage signals obtained from incident bar and transmitter bar are derived and compared. During testing of specimens, it was observed that the peak force obtained from the strain gage mounted on the transmitter bar is lower than the peak force obtained from the strain gage mounted on the incident bar. The explanation for this is provided based on stress wave attenuation studies.
Compressive split Hopkinson pressure bar apparatus

Experimental technique and data acquisition
The standard compressive SHPB apparatus as shown in Fig. 1 was used for the studies [36, 37] . The main parts of the compressive SHPB apparatus are: propelling mechanism, striker bar, incident bar, transmitter bar and support stand. The diameter of the incident and transmitter bars is 12 mm and the length was varied in the range of 1000-1400 mm. The length of the striker bar was varied in the range of 150-430 mm. The bars are made of SUS440C martensite stainless steel with Young's modulus of 203 GPa and density of 7667 kg/m 3 .
When the striker bar impacts the incident bar, an elastic stress pulse is generated and travels along the incident bar. When the pulse reaches the specimen, which is sandwiched between the incident and transmitter bars, part of the pulse is reflected and the remaining part is transmitted through the specimen to the transmitter bar. The strain gages A and B are placed at the centers of incident and transmitter bars, respectively for providing the time-resolved measure of the signals. Strain gage A measures both the incident and reflected pulses, whereas strain gage B measures the transmitted pulse. The strain gages are installed midway of the incident and transmitter bars to avoid overlapping of the reflected signal with the incident signal and to keep the time taken the same for both the signals to avoid time calculations during measurements of the strain. The specimen then undergoes dynamic elastic-plastic deformation. From the reflected pulse, the strain rate applied and the strain in the speci- men are estimated, and the transmitted pulse provides a measure of the stress. The entire strain/deformation history within the specimen can be obtained by taking measurements along the incident and transmitter bars from strain gages with the assistance of amplifier and oscilloscope. From these signals and using one-dimensional wave propagation theory, strain rate versus time, strain versus time, stress versus time and stress versus strain history in the specimen can be determined. The techniques used for controlling pulse duration and amplitude and strain rate are presented in Appendix A and Appendix B, respectively.
Specimen design and dimensions
Specimen design is one of the most important considerations in SHPB testing. From the literature it is observed that cylindrical specimens with L/D ratio of 0.5-2.0 are suitable for compressive SHPB testing of polymer matrix composites [6] . The specimen geometry and L/D ratio are important to achieve dynamic stress equilibrium within the specimen. Further, it also controls the strain rates generated in the testing as mentioned in Appendix B.
In all the experiments, cylindrical specimens with L/D ratio of 0.75 were used. The diameter of the specimen used was 8 mm. This ensures the impact on full cross-section of the specimen and also permits the specimen to expand along radial direction within the cross-sectional area of the bars after the compressive load is applied.
Since the specimen diameter is less than the diameter of incident and transmitter bars, there can be deformations on the faces of incident and transmitter bars after repeated usage. Flatness of the faces of incident and transmitter bars was monitored and the faces were re-ground periodically to make them planar.
Pulse shaper technique
To increase the rise time, smoothen the pulse and to modify the shape of the pulse, a pulse shaper was used. Three different materials, namely copper, brass and aluminum were used for making the pulse shapers. The diameter of pulse shaper is 12.5 mm whereas the thickness was varied in the range of 0.5-3 mm.
Theory
The design of SHPB is based on one-dimensional wave propagation in elastic bars which deals with the motion of particles in longitudinal direction. The one-dimensional system can ideally be considered to be of infinite length and negligible diameter. Since it is not possible in practice, the theory is adopted with certain approximations. The analytical relations to calculate strain rate, strain and stress as a function of time in the specimen in SHPB testing are:
where C 0 is the elastic wave velocity in the bars, l S the specimen gage length, A B the cross-sectional area of the bars, A S the crosssectional area of the specimen, E the Young's modulus of the bars, ε R the reflected strain pulse, ε T the transmitted strain pulse and t is the time duration.
Calibration of compressive SHPB apparatus
For commissioning and assessing the accuracy of SHPB apparatus, calibration was carried out first. During calibration, the two elastic bars were wrung together without a specimen sandwiched between them. Lubrication was applied between the bars to minimize friction. With this the incident and transmitter bars can be treated as a single bar. Strain gage signals on the oscilloscope during calibration are presented in Fig. 2a . Channel 1 indicates the output of the strain gage mounted on the incident bar whereas channel 2 indicates the output of the strain gage mounted on the transmitter bar. Here, I is the incident pulse with pulse duration equal to a 1 a 2 whereas T is the transmitted pulse with pulse duration equal to b 1 b 2 . During calibration, reflected pulse (R) is not present. The amplitude and duration of incident and transmitted pulses are nearly the same.
Force versus time plots are obtained from the strain gage signals and are presented in Fig. 2b . The force history obtained based on the strain gage mounted on the incident bar is indicated by F 1 whereas the force history obtained based on the strain gage mounted on the transmitter bar is indicated as F 2 . It may be noted that the force history obtained F 1 and F 2 match very well. This indicates that the stress states within the incident bar and transmitter bar are exactly the same. This ensures that the SHPB apparatus is perfectly aligned and friction free. The apparatus is ready for further investigations.
Experimental studies
Experimental studies were carried out on high strain rate behavior of plain weave E-glass/epoxy and plain weave carbon/epoxy under compressive loading using SHPB apparatus along warp, fill and thickness directions. Specifications of tows/strands, fabrics, resin and composites are presented in Appendix C. Studies were carried out in the strain rate range of 680-2890 s −1 . Studies were also carried out at quasi-static loading for comparison. Strain rates used, compressive properties and overall fiber volume fraction are given in Tables 2 and 3 and Figs. 3-10. Mechanical properties of filaments and epoxy used are given in Ref. [38] .
Plain weave E-glass/epoxy
Strain gage signals obtained on oscilloscope during testing along warp are presented in Fig. 3a . The durations of incident and reflected signals are represented by a 1 a 2 and a 3 a 4 , respectively. Here, P represents a point on the signal at the end of rise time. In the present case, a 1 a 2 = 182 s. It may be noted that the duration Fig. 3b . Force history on the incident bar is plotted based on strain gage signals I + R, whereas force history on the transmitter bar is plotted based on strain gage signal T. The force history obtained based on signals I + R is referred to as F 1 and the force history obtained based on signal T is referred to as F 2 for further discussion. Force F 1 would be acting on the interface between the incident bar and the specimen whereas force F 2 would be acting on the interface between the transmitter bar and the specimen.
The specimen geometry and L/D ratio are important to achieve dynamic stress equilibrium within the specimen [6] [7] [8] [9] . The studies presented are with metallic materials considering elastic wave propagation [8] . In these studies, possible damage initiation and propagation during high strain rate loading are not considered. Complete equilibrium within the specimen may not be possible once flow stress state is reached. Dynamic stress equilibrium cannot be achieved for woven fabric composites. This is because of stress wave reflection and transmission within the specimen at various interfaces leading to stress wave attenuation. Also, dynamic stress equilibrium cannot be achieved during damage initiation and propagation stage.
Force versus time plots can be subdivided into two regions: one, until the peak force is reached; two, after the peak force is reached. The region two indicates behavior after the specimen has failed. Obviously, in this region, F 1 and F 2 would be different. The forces F 1 and F 2 are not matching in region one also. The magnitude of peak force F 2 is about 13% less than the magnitude of peak force F 1 . This is because of stress wave attenuation within the woven fabric composites. Further details about stress wave attenuation in woven fabric composites are presented in Appendix D. Table 3 Strain rate effect on compressive properties of plain weave carbon/epoxy It may be noted that the peak force is attained at time duration of 27 s in the case of F 1 . During this period 13 numbers of transits take place. One transit equals to time required for a pulse to travel from one end of the specimen to another end of the specimen during testing. Since F 1 and F 2 are not equal, the specimen would not be under uniform stress during the failure process. The compressive properties reported further are based on F 2 . This is to obtain conservative estimates of compressive properties.
Time versus strain rate, strain and stress plots along warp are given in Fig. 4 . These plots are obtained based on strain gage signals and Eqs. (1)-(3). As indicated earlier, point P indicates the end of the rise time. Point A indicates first peak strain rate whereas point B indicates peak stress. Point C indicates overall peak strain rate. It may be noted that, the specimen has failed at a time duration corresponding to point B. Strain rate effects on the compressive properties of plain weave E-glass/epoxy are presented in Table 2 . The strain rates indicated here are with respect to point A. The values given in round bracket are with respect to point B whereas the values indicated in square bracket are with respect to point C. In this case the strain rate at point A is higher than at point B. The strain rate at point A is taken as reference strain rate.
A typical stress-strain plot along warp is presented in Fig. 5a . The stress-strain plot can be subdivided into two regions. Region one represents the behavior of the material until the compressive strength is reached. Region two represents post-failure behavior of the material. Compressive properties at different strain rates are shown in Fig. 5b . The results presented are with respect to region one, i.e., up to the peak stress is reached.
For comparison, properties at quasi-static loading were also determined experimentally and are presented in Table 2 . The property enhancement factor for compressive strength varies from 1.14 to 1.75 corresponding to strain rate varying from 680 to 1997 s −1 .
Figs. 3a and 4a show rise time of 16 s. During this period, which is the initial stage of loading, the strain rate is not constant. Hence, the Young's modulus obtained based on the strain gage data during this period would not be exact. It can be seen, from Fig. 3a , that the strain rate variation is relatively less beyond the rise time. The stress-strain behavior obtained beyond the rise time of the pulse can be considered to be the actual behavior of the material. The end of rise time is represented by point P. The stress-strain plot, as given in Fig. 5a , can be considered to represent the actual behavior of the material beyond the point P. As a first approximation, by joining point P to the origin, Young's modulus can be determined. This would indicate the lower bound of Young's modulus. Young's modulus can also be found by extrapolating the stress-strain curve in region I from point P to the origin by a smooth curve.
Independent studies were carried out on high strain rate compressive behavior of aluminum specimens. In the strain rate range up to 1200 s −1 , the Young's modulus was in the range of 75-80 GPa. This study was carried out to validate the technique used for the determination of Young's modulus. From the literature, it is seen that flow stress is increasing with increasing strain rate for aluminium alloys under compressive loading [39] [40] [41] [42] .
From Table 2 and Figs. 5b and 9, it can be observed that the compressive strength is enhanced at high strain rate loading compared with that at quasi-static loading. Further, it is increased with increasing strain rate. Also, it can be observed that compressive modulus and ultimate strain are generally enhanced at high strain rate loading compared with those at quasi-static loading. Experimental studies were carried out along fill direction also (Table 2 and Fig. 9 ). The qualitative and qualitative behavior of compressive properties is nearly the same as that for warp. The marginal variation in properties along warp and fill directions is possibly because of local variation in weave structures along warp and fill.
Experimental studies were also carried out along thickness direction. The qualitative behavior of compressive properties is nearly the same as that for plain weave carbon/epoxy tested along thickness direction which is presented in Section 5.2. The results for plain weave E-glass/epoxy along thickness direction are presented in Table 2 and Fig. 9 . 
Plain weave carbon/epoxy
The experimental studies were carried out on plain weave carbon/epoxy along warp, fill and thickness directions. The results are presented in Table 3 and Fig. 10 . The qualitative behavior for plain weave E-glass/epoxy and plain weave carbon/epoxy are nearly the same.
Results are presented for along thickness direction in Figs. 6-8 . Strain gage signals obtained on oscilloscope are presented in Fig. 6a. In Fig. 6b , force versus time plots are presented. In this case, the magnitude of peak force F 2 is about 21% less than the magnitude of peak force F 1 . It may be noted that the peak force is attained at a time duration of about 50 s in the case of both F 1 and F 2 . During this period 19 numbers of transits take place within the specimen.
Time versus strain rate, strain and stress plots are given in Fig. 7. From Fig. 7a , it is observed that the strain rate is decreasing after 10 s, reaching to the lowest at 46 s and again increasing. Here, point B indicates the peak stress (Fig. 7c) . It was observed that the time required to reach to the peak stress is significantly higher in this case than that is required in the cases of loading along warp and fill. The damage mechanism during loading is different in the case of loading along thickness direction compared with that of loading along warp and fill. While loading along warp and fill, the fibers/strands/yarns fail in compression. But in the case of loading along thickness direction, the resin would fail whereas the fibers/strands/yarns could still be intact. Further loading is possible before the composite fails. This would lead to higher failure strain along thickness direction compared with those along warp and fill directions.
Stress-strain plot and stress-strain plots at different high strain rate loading are presented in Fig. 8a and b , respectively. The property enhancement factor for compressive strength varies from 1.11 to 1.40 corresponding to strain rate varying from 1062 to 1527 s −1 .
Comparison of test results
Strain rate versus compressive strength plots for plain weave E-glass/epoxy and plain weave carbon/epoxy tested along warp, fill and thickness directions are given in Figs. 9 and 10 , respectively. These results are also presented in Tables 2 and 3 . From the results, it is generally observed that the compressive proper-ties of plain weave E-glass/epoxy and plain weave carbon/epoxy under high strain rate loading are enhanced compared with those at quasi-static loading. Generally, compressive properties are increasing with increasing strain rate. But for the cases of plain weave carbon/epoxy along warp and fill, even though the properties are enhanced under high strain rate loading compared with those at quasi-static loading, it is observed that there is no significant effect of strain rate on compressive properties at high strain rates (Fig. 10 and Table 3 ).
The compressive strength and failure strain are higher along thickness direction compared with those along warp and fill directions for both plain weave E-glass/epoxy and plain weave carbon/epoxy. But the compressive modulus is lower along thickness direction compared with those along warp and fill direction (Tables 2 and 3 ).
It was observed that the failure was initiated at the interface between the incident bar and the specimen at the center for warp and fill specimens. The failure plane was at 45 • to the loading direction and it was nearly conical in shape. For the specimens along thickness direction, the failure was primarily because of matrix crushing. The specimen was breaking into two or three pieces.
The compressive strength increases at high strain rate compared with that at quasi-static loading. This can be explained as follows: At lower strain rates, damage propagates slowly utilizing most of the applied energy. But at higher strain rates, not enough time is available for the damage to initiate and propagate. Under such condition, more work needs to be carried out for the damage initiation and propagation. This would lead to enhanced compressive strength at high strain rate loading. Visco-elastic nature of the polymer matrix composites is also responsible for the increase in compressive strength at high strain rate loading.
Conclusions
The compressive properties of typical plain weave Eglass/epoxy and plain weave carbon/epoxy are presented under high strain rate loading. Quasi-static properties are also presented for comparison. The properties are presented with respect to all the three principal directions, i.e., along warp, fill and thickness directions.
1. There is compressive strength enhancement at high strain rate loading compared with those at quasi-static loading for all the cases considered. 2. Compressive strength is increased with increasing strain rate for plain weave E-glass/epoxy and plain weave carbon/epoxy along thickness direction. 3. For the cases of plain weave carbon/epoxy along warp and fill, even though the properties are enhanced under high strain rate loading compared with those at quasi-static loading, there is no significant effect of strain rate on compressive properties at high strain rates. 4. Generally, compressive modulus and failure strain are enhanced at high strain rate compared with those at quasistatic loading.
5. The compressive strength and failure strain are higher along thickness direction compared with those along warp and fill directions for both plain weave E-glass/epoxy and plain weave carbon/epoxy. 6. Compressive modulus is lower along thickness direction compared with those along warp and fill directions. 7. The magnitude of peak force on the transmitter bar is generally lower than the magnitude of peak force on the incident bar for plain weave composites. This is because of stress wave attenuation within the specimen.
strain rates, either larger amplitude input pulses or shorter specimens can be used. The amplitude of input pulses is limited by the yield strength of the incident bar or by the amount of force that can be generated by the particular experimental apparatus. The length of the specimen is limited by L/D ratio suggested for SHPB testing. The possibility of controlling strain rate by varying the gage length of the specimen is marginal. The best way to control the strain rate is by governing the amount of force applied on the incident bar. As it can be seen form Eq. (1), the strain rate is directly proportional to the amplitude of the reflected strain pulse. It may be noted that the reflected strain pulse is related to the amplitude of the incident strain pulse, which in turn, is related to the amount of force applied on the incident bar. By varying the force applied on the incident bar, the amplitude of the reflected strain pulse, and hence, the strain rate on the specimen can be controlled. The force exerted by the striker bar is controlled by varying the velocity of the strike bar. Caution has to be taken during testing at lower strain rates. At lower strain rates the specimen needs more time to reach to higher strains. Higher strains can be obtained by increasing the duration of the pulse. The procedure for controlling the duration of the pulse during testing is given Appendix A. 
Appendix C. Specifications of tows/strands, fabrics, resin and composites
Appendix D. Stress wave attenuation studies in woven fabric composites
A woven fabric is produced by the process of weaving in which the fabric is formed by interlacing warp and fill stands/yarns. In the case of plain weave, warp and fill stands/yarns are interlaced in a regular sequence of one under and one over. When the striker bar hits the incident bar, an elastic stress wave pulse is generated. It travels trough the incident bar, specimen and the transmitter bar. As the stress wave pulse passes through the specimen, it would encounter many warpfill, warp-resin and fill-resin boundaries. As it encounters the boundaries, the incident wave would partly transmit and partly reflect. This phenomenon would take place at every boundary leading to stress wave attenuation as the wave travels from the interface between the incident bar and the specimen to the interface between the transmitter bar and the specimen. In a similar way, stress wave attenuation would take place when stress wave travels along thickness direction.
An independent analytical study was carried out to investigate stress wave attenuation behavior of plain weave fabric composites under transverse ballistic impact. The transverse ballistic impact was at the center of the plate. Based on the ballistic impact analysis, intensity of in-plane radial and through the thickness stress waves was determined. Fig. D1 presents stress wave attenuation in a typical plain weave fabric lamina under ballistic impact unit step loading for plate dimensions of 400 mm ×400 mm at time interval of 40 s. At this time interval, the wave has traveled up to a distance of 110 mm on either side of point of impact. At this distance the magnitude of stress wave is nearly zero. In other words, the stress wave has attenuated and its intensity is nearly zero at a distance of 110 mm and beyond, up to the boundary of the plate.
Experimental studies were also carried out to determine strain magnitudes along in-plane radial direction from the point of impact. The strain was the maximum near the point of impact and was decreasing along the radial direction while moving away from the point of impact. At a distance of 110 mm and beyond, the strain was nearly zero.
As presented in Section 5.1, the magnitude of force F 2 was less than the magnitude of force F 1 . This can be explained based on stress wave attenuation in plain weave fabric composites.
